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Abstract
Pain during injection of a medical needle is greatly influenced by the surface roughness and geometry of its cutting edges. An ion-
plasma sputtering treatment is a promising candidate as a clean and precise polishing method for the painless needles. In this paper,
the mechanism of the reduction of inserting force of the plasma-treated needles is investigated by microscopically observing
artificial skins and needles during insertion. It was found that the time distribution of insertion force was influenced by the
roughness at the cutting edges. Plasma-treated needles resulted in force reduction by approximate half in comparison of untreated 
ones. Furthermore, the microscopic observation found that the sharp dropping of force was occurring at the corners between cutting 
faces. Using the plasma-treated needle, the sharp dropping was significantly decreased. The plasma-etching treatment will lead to a
clean finishing process for painless medical needles.
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi
and Professor Paulo Bartolo
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1. Introduction
Medical needles are widely used for various
minimally invasive percutaneous procedures such as
medicine injection, regional anesthesia, and blood 
sampling. Inserting a needle deforms the tissue and not 
only displaces the target blood vessels causing
placement errors but also allows the patient to feel pain 
at the skin [1-4]. A practical approach to reducing the
placement error and pain is to minimize the needle
insertion force. Many researchers have reported the
effect of the geometry of needle tip or size on the
insertion force. However, there are few results in the
technical literature that address the relation between
roughness or sharpness of the tip and its insertion force.
Although some researchers have studied the tip
geometry design, for example, angles, numbers, 
dimensions, of the cutting faces at the tip [5]. This is
because chemical mechanical polishing is commonly 
used as a finishing process and it is difficult to change
the finished roughness of the tip. To date, Remnev et al.
proposed a novel method to finish the needle using ion 
etching technique so-called ion plasma sputtering (IPS)
[6,7]. Using this method, the surface becomes relatively
low roughness and the cutting edges are sharpened.
Furthermore, because the needles can be simultaneously
cleaned in the process, extra cleaning process by
chemicals is not needed. It is important to finish needles
with low cost because they are mainly disposable. They
also have demonstrated that the plasma-treated needles
resulted in low insertion force due to the reduction of 
roughness and sharpening of cutting edges using
polymeric artificial skin. However, there is no detailed 
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and actual investigation of force distribution during 
insertion. Moreover, it is difficult to calculate the 
phenomena of film during insertion because the stress at 
the tip is concentrated and the gradient is too high to 
simulate by finite element method [8]. 
In this paper, we microscopically observe the 
phenomena of artificial skin deformation at the insertion 
point and investigate the mechanism of rises and drops 
in insertion force due to the change of increased gradient 
of cross section and skin deformation phenomena. The 
difference in insertion force and skin phenomena 
between untreated and treated needles is also 
investigated. 
2. Experimental 
Details of experimental methods are described below. 
2.1. Ion plasma sputtering treatment 
A triode type non self-sustained low pressure plasma 
source with a hot filament was used to generate 
working plasma as shown in Fig. 1 [6]. Thermal 
emission was controlled by the current in a tungsten 
filament. A magnetic coil was used to stabilize the 
discharge. A hollow cathode was used to increase the 
current density.  Although this is an old technique, this 
plasma generator, possess a few valuable advantages 
such as: (i) the plasma fills a large volume of the 
processing chamber with good homogeneity making 
treatment of large surfaces easier and faster, (ii) a wide 
range of controllability of the plasma parameters which 
allows flexibility in the ion etching regime adjustment, 
and (iii) easiness to operate and relatively inexpensive 
equipment. 
 
 
Fig.1. Schematic of experimental setup of ion-plasma sputtering. 
 
The stainless steel holder for the needles has a two-
dimensional array of 1.3 mm diameter bores arranged 
with a pitch of 5 mm. Pulsating bias was applied to the 
holder and needles in order to extract and accelerate the 
ions from the bulk plasma. Process parameters are 
shown in Table 1. The sputtering time was varied in the 
ranges presented in Table 1. 
The needles used were Lancet 26G, 0.45mm diameter. 
Fig. 3(a) shows a scanning electron microscopy (SEM) 
image of a needle tip. It has three cutting faces with 
different angles at the tip. The surface roughness before 
and after IPS treatment was investigated by SEM. 
 
Table 1 Parameters of IPS process. 
Parameter: Range: 
Sort of  working gas Ar/Air mixture 
Working pressure P 0.4 [Pa] 
Content of air in the working gas n 
(Grade-1 purified air) 
7% 
Discharge current I 40[A] 
Bias voltage U 400 [V] 
Process duration T 0  240 [min] 
 
2.2. Insertion system 
The experimental setup to measure the insertion 
force and capture the penetration behavior is shown in 
Fig. 2, (HEIDON-14DR tribogear). The needle is 
mounted on the articulating lever which is in contact 
with the load cell. The fixture with 0.05-mm-thick 
polyethylene film is moved with constant speed of 
10mm/min in the way that the needle is penetrating the 
film. The force of resistance to the injection is registered 
by the load cell and then recorded to the PC. This system 
can monitor the force and displacement at the 
penetration point. The CCD camera with microscope 
system (YSC digital microscope) focuses on the 
penetration point from the side with an angle of 15 deg. 
Silicone oil, 4200 M.W., was applied to the whole 
needle to decrease the influence of the wettability of the 
needle surfaceand to investigate only the roughness and 
sharpness of the cutting edges. 
 
 
Fig.2. Photo of insertion equipment with microscope. 
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3. Results and discussion 
3.1. SEM observation of tips 
One of the criteria for the evaluation of the treatment 
result was an observation of the needles tips. Figs. 3 (b-
e) show SEM images of the tips of the samples treated 
with different process times. Burs on the edges, 
machining traces and linear shape of the tip of the 
untreated needle can be observed on Fig.3 (b). After 90 
min IPS treatment the edges become clean from the 
burrs and machining traces are removed. Sharper tip and 
more protruding edges are formed at the longer 
treatment durations. The two cutting faces which are 
nearer to the tip than the other are concave and the 
cutting edge between these two faces has a concave 
profile. These results are from the concentration of the 
electric fields around the tip and selectiveness of the 
surface sputtering. However, as shown in Fig. 3(e), the 
sample with the process time of 240 min has an 
excessive sharpness which has resulted in the melting of 
its tip. It is hypothesized that the tip, which had been 
sharpened for about 210 min,  arced in the plasma
during the remaining 30 min of processing. 
 
 
 
Fig. 3. SEM images of needles before and after the IPS finishing 
with P = 0.4 Pa, I = 40 A, U = 400 V. (a, b) untreated samples, IPS-
treated for (b) 90 min, (c) 210 min, (d) 240 min. 
3.2. Insertion force distribution 
The insertion experiments were carried out with 
untreated samples, (Fig. 3(b)) and IPS-treated, (Fig. 
3(d)). Fig. 4 shows the insertion forces as a function of 
distance. The distance zero indicates the beginning of 
the insertion. Overall, the insertion force of the treated 
sample decreased from that of untreated one. The 
distributions are not proportional to each other. The 
timing of the peaks and gradients of force changing have 
some differences. The numbers indicated in the figure 
show the points when the micrographs are captured. The 
results and discussion with the microscopic observation 
are described in the next section. 
 
Fig.4. Insertion forces as a distance of needles untreated and treated 
by IPS. Indicated numbers show the points where micrographs are 
shown in Fig. 5. 
3.3. Microscopic observation of Insertion phenomena 
The optical micrographs captured are shown in Fig. 5. 
The numbers of the figures correspond to those of Fig. 4. 
At the point of (2), the force with the treated needle 
decreased to about half of that with untreated one. 
According to the Figs. 5(a-2) and (b-2), the position of 
the film is approximately 300 m from the tip. This 
position was at around the cutting edges between the 
cutting faces. The timing of the gradient change around 
the point (2) with treated needle is a little faster. This is 
because the tip of the treated needle has a sharper, i.e., 
the changing gradient of the cross-section area at the 
film is smaller, than that of untreated one, however, the 
gradient of the cross-section area switches larger at 50 
m before the point (2). Therefore, the gradient of the 
force changing with treated needle at between (2) and 
(3) was higher than that of untreated one. Immediately 
after the point (3), the forces drop drastically. The 
dropped value of the treated needle is about half of that 
of untreated one. At this point, the film got to the edge of 
the hole of needles and simultaneously to the point of 
reducing the distances between the outer cutting edges 
which are constructed by the cutting phase further from 
needle tip and outer surface of the tube. From Figs. 4(a-
3) and (a-4), a lump of the polymer hung up at the edge 
of the hole of needle. On the other hand, there was no 
lump observed in Figs. 4(b-3) and (b-4). Because a 
drastic dropping of the force should result in less trauma 
to actual skin, the IPS treatment is useful for the 
fabrication of painless needles. After the point of (4), the 
force dropped suddenly, where the surface of the film 
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surrounding the needle changed from partially with the 
cutting face to only with the outside surface of original 
tube. At this point, there is no significant difference 
between the two samples. This is because the surfaces of 
needles around there did not change by IPS treatment. 
This result can be explained by that the electric field 
occurring further from the tip is much lower than that 
occurring around the tip [7]. After the force dropped at 
point (4), the insertion forces are constant. The reason is 
simple; the form of the film did not change and the 
surface area touching the film is constant in each sample. 
However, the value of the treated needle is lower than 
that of the untreated one. The reason is considered to be 
that the surface area of the treated sample was less than 
that of the untreated one or that the penetration cut of the 
film was cleaner and the friction on the sidewall of the 
needle was reduced. 
 
 
Fig. 5. Optical micrographs taken during insertion, (a-1-5) 
untreated sample, (b-1-5) IPS-treated sample. The numbers show the 
timing indicated in Fig. 4. 
4. Conclusion 
The ion-plasma sputtering technology was applied to 
painless needles. The microscopic observation of the 
dynamics of the artificial skin during insertion of the 
needles was captured. The insertion force and position of 
the needles were matched to the corresponding 
micrographs. The differences in the dynamics and force 
distribution between needles, both untreated and treated 
by ion-plasma sputtering, were compared. 
  The peak of the force is due to the difference of   
sharpness and roughness at the tip and cutting edges and 
also by the reduction of burrs removed by the process. It 
was found that the peak dropping of force, (which is one 
of the reasons for the trauma of actual skin), was from 
the roughness at the cutting edges as well as the points 
where the cross-sectional area of the needle penetrated 
the film. The peak dropped value was decreased by the 
ion-plasma sputtering treatment. This finishing method 
will lead to a lower cost and cleaner method for the 
fabrication of painless needles. 
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